We have studied the effect of oxidation on the propagation loss and surface roughness of silicon-on-oxidizedporous-silicon strip waveguides fabricated using proton-beam irradiation and electrochemical etching. A thin thermal oxide is formed around the core of the waveguide, enabling the symmetric reduction of core size and roughness on all sides. Significant loss reduction from about 10 dB/ cm to 1 dB/ cm has been obtained in TE and TM polarizations after oxidation smoothening of both the bottom and the sidewalls by 20 nm. This corresponds well with simulations using the beam-propagation method that show significant contributions from both surfaces.
Recently, there has been rapid progress in the development of a silicon photonics integrated circuit to meet the growing demand for faster interconnection and higher data bandwidth. Most conventional photonic devices are built on a silicon-on-insulator (SOI) substrate owing to its compatibility with microelectronics technologies and the high-index contrast between silicon and silicon dioxide [1] . This means that ultracompact optical devices with tight bends of a few micrometers can be densely packed and integrated with microelectronic circuits on a single chip.
Conventional SOI substrates are fabricated using separation by implanted oxygen (SIMOX) or the Smart-Cut process [2, 3] . A lesser used technique for SOI fabrication is by full isolation by oxidized porous silicon (FIPOS), which was first developed by Imai et al. [4] for device isolation in microelectronics. The low cost and easy implementation of electrochemical etching has made it an attractive alternative to dry etching. Proton implantation converts p-to n-type silicon islands, which are selectively inhibited from porous silicon (PS) formation. Compared to SIMOX, this process gives more freedom in controlling the thickness of the overlying silicon layer owing to the well-defined ion range with energy and higher penetration depth of protons. This means that widely varying thickness of the silicon overlayer can be obtained. The oxide thickness can also be tuned easily with the etching time.
There has been much research on the optical properties of structures fabricated using SIMOX [5] and Smart Cut [6] but not FIPOS. Recently, we demonstrated the ability to fabricate high-index contrast silicon-on-oxidized porous-silicon (SOPS) waveguides with low loss directly in silicon without the need for an SOI substrate [7, 8] . Here we aim to investigate the propagation loss mechanism of SOPS waveguide with oxidation. Owing to the high surface area/ volume ratio, the oxidation rate of PS is orders of magnitude higher than Si. Oxidation produces a fully oxidized PS layer and a thin thermal oxide around the waveguide core [2] . This enables surface roughness reduction on all sides of the waveguide, including the bottom interface. We have studied the effect of oxidation on surface roughness from the underside of the waveguide using atomic force microscopy (AFM), since these surfaces are most affected by the fabrication process. Scattering loss due to bottom and sidewall roughness are then simulated using the beam-propagation method and compared with experimental loss data measured at a wavelength of 1550 nm. Figure 1 shows a schematic diagram of the waveguide fabrication process carried out on bulk p-type silicon ͑0.7 ⍀ cm͒ using 250 keV protons. Previously, we have employed a highly focused beam of protons with ϳ200 nm spatial resolution to pattern waveguide structures. Although the direct-write approach is useful for rapid prototyping, it has a low throughput owing to the low currents of picoamperes within the focused beam. In this work, a broad uniform proton beam of several hundreds of nanoamperes have been delivered onto a lithographically patterned silicon over a large area of 3 ϫ 3 cm [ Fig. 1(a) ] [10] . This process allows rapid mass production of waveguides and also eliminates any surface roughness caused by stage scanning and beam intensity fluctuations in the direct-writing approach. Details of the etching conditions and the optical characterization setup can be found in [8] .
Figure 2(a) shows an array of 5.2ϫ 2.6 m waveguides written with a fluence of 5 ϫ 10 13 /cm 2 . The cross-sectional scanning electron microscopy (SEM) image in Fig. 2 (b) reveals a rectangular Si core that is optically confined with PS cladding. Owing to the isotropic etching process, a cusp is formed at the point where the waveguide is detached from the Si substrate. As the etching is not completely stopped in the irradiated region, a thin layer of PS can still be seen around the waveguide [ Fig. 2(c) ]. After a two-step oxidation process in air ambient at 300°C for 3 h and 1000°C for 6 h [ Fig. 2(d) ], the PS cladding layer becomes fully oxidized, while the core is being consumed from the PS / Si interface. A thin layer of thermal oxide ϳ350 nm is produced around the core, reducing the width and height to 4.5 m and 1.9 m, respectively, as well as the cusp size. The refractive index of PS and oxidized PS is found to be 1.68 and 1.36, respectively, from fitting the reflectance spectra using the Bruggeman formula [11] . From the inset in Figs. 2(c) and 2(d), the output light observed at the end facet of the oxidized waveguide is much brighter than that of the unoxidized waveguide.
Optical characterization of the waveguides is carried out for both TE and TM polarizations at a wavelength of 1550 nm. Figure 3 shows the cutback technique used to characterize the propagation loss of the waveguides, whereby the output power from the waveguides is determined for various lengths. Before oxidation, the waveguide shows a high loss of 10.3± 0.6 dB/ cm and 9.1± 0.3 dB/ cm in the TE and TM polarizations. This is reduced significantly to 1.6± 0.1 dB/ cm and 1.4± 0.2 dB/ cm, respectively, after oxidation.
Understanding the mechanism that limits the optical losses is important to improve the quality of the waveguides. For the resistivity of silicon used in our experiment, the absorption due to free carriers is about 0.5 dB/ cm. Surface roughness is a significant source of loss for such a high-index-contrast waveguide, since the scattering loss scales proportionally to ⌬n 2 = ͑n core 2 − n clad 2 ͒ [12] . Conventional SIMOX processing produces waveguides with atomically smooth top and bottom surfaces after high-temperature annealing of the implanted oxide layer. Therefore the major contribution to the propagation loss is from the sidewall roughness introduced by the lithographic process [13] . For the FIPOS process, interface roughness is formed at the PS / Si dissolution front owing to the lithographic roughness and the etching process [14] . Both the sidewalls and the bottom surfaces are affected and need to be determined. This is done by removing the cladding layer so that direct measurement of the underside of the waveguide can be taken using AFM. The PS cladding is removed using a diluted KOH solution and the oxidized PS using diluted HF solution. Since the top surface is only mildly affected by etching process, it retains a smooth surface roughness of approximately 2 -3 nm, as shown from AFM measurement. In this case, its effect can be ignored. Figure 4 (a) shows the SEM picture of the underside of the waveguide with the cusp running along its length. The AFM images in Fig. 4(b) are taken over the bottom and sidewalls indicated by the white box. The results are displayed in Table 1 . Oxidation reduces the sidewalls roughness from an rms roughness, , of 25 nm to 6 nm, and the bottom surfaces from 30 nm to 10 nm. The bottom surface shows higher roughness than the sidewalls because of the different etching conditions used to create them. A high-current density of 100 mA/ cm 2 and low HF concentration of 12% was used to produce smoother sidewalls [8] . The resultant PS becomes cracked and had been removed in this case. The second etching step to undercut the structure was etched with a current density of 40 mA/ cm 2 at 24% HF, so as to preserve the PS layer needed to isolate the core, but this adversely produces a rougher bottom surface [14] . The autocorrelation length L c is found to increase after oxidation for both the bottom surfaces and sidewalls. These are lower than previous L c values of 190-270 nm reported on PS / Si interfaces [14] . Conventional SOI waveguides fabricated using a conventional lithography and etching process shows similar of about 10 nm but has lower L c values of 50 nm [15] .
Numerical simulations of the scattering loss were performed using 3D scalar BeamProp [16] with and L c obtained from AFM measurements. BeamProp models the sidewall roughness using the physical mechanism developed by Marcuse et al. [17] . The bottom roughness profile taken from AFM measurements is included as a random perturbation to the height in the taper function. Simulations are based on the fundamental mode propagation, since the overlap integral analysis indicates that the fundamental mode carries most of the optical power in the regime where scattering loss is significant. A similar approach has been used previously by Lee et al. [13] . Figure 4 (c) shows the simulated scattering loss from the bottom and sidewalls roughness as a function of height, for a constant width of 4.5 m with a cusp included. The experimental data is in good agreement with the simulated data, indicating that surface roughness is the dominant contribution to propagation loss. When only the sidewall roughness is considered [ Fig. 4(d) ], the measured loss is higher than the simulated data, indicating that bottom roughness contributes significantly to loss and has to be taken into account for accurate simulation. Previously, Lee et al. [13] showed that the loss increases rapidly with reducing width, owing to increased interaction of the mode with the sidewalls. In this case, the bottom surface roughness causes further increase in loss as the height reduces. These studies can be used to predict the loss of such waveguides as dimensions get smaller.
We have demonstrated large-scale production of SOPS waveguides with low losses after thermal oxidation using masked irradiation. Owing to the large differential oxidation rates of PS and Si, the 4-m-thick PS cladding is fully oxidized, while a 350-nm-thin layer of thermal oxide is formed around the core. This reduces the width and height symmetrically by 700 nm and both the bottom and sidewalls roughness by about 20 nm. To obtain singlemode waveguides using this approach, a combination of high-resolution resist patterning using electronbeam lithography and shallower energy irradiation with ϳ50 keV protons is needed. Oxidation can further help shrink the core in a controlled manner within nanometer resolutions owing to the slow oxidation rate of 60 nm/ h. 
